Abstract -An experimental verification of angle of arrival (AOA) estimation that employs an RF-based interferometric monopulse technique is given for car applications. The AOA antenna is comprised of nine elements, eight of which are arranged in a circle and equal angular intervals of 45°; an additional element is located at the center of the circle. We used a weight network for processing the received signals, in which the phase of the received signals for each element is delayed in accordance with the coordinate of the elements using the different length of transmission lines. The use of a rat-race hybrid coupler allows a 180-degree phase reversal to be involved in the two combined signals, enabling a simple small-sized AOA network to be realized. The experimental results reveal that the AOA antenna has an error in the estimated angle of 6.1° on average in the whole azimuth angle.
Introduction
To achieve a transmission rate of over-10 Gbps, we are currently developing a multiple-input multiple-output (MIMO) antenna system that utilizes circular phased array technology for use in connected cars [1] . The interferometric angle of arrival (AOA) estimation is embedded into the circular phased array antenna, so that the AOA functions are concurrent with the MIMO system.
The development of AOA function is categorized into two stages; the development of antennas suitable for installing on a car, and that of an AOA network for providing a proper weight to the received signals. With regard to antennas, we proposed a weighted-polarization control antenna with a low-profile structure that enhances the antenna gain by optimizing the combined power in three polarization components as functions of the crosspolarization power ratio (XPR) and the inclination angle of a car [2] . In contrast, as for an AOA network, a Butler matrix is commonly used for giving an appropriate phase delay to the received signals [3] . However, a Butler matrix has a certain drawback such that it is a bulky microwave component, which leads to a hardware complexity. This paper presents an experimental verification of AOA estimation that employs an RF-based interferometric monopulse technique. We used an AOA network for yielding a weight function to the received signals, in which the phase of the received signals for each element is delayed in accordance with the coordinate of the elements using the different length of transmission lines. The use of a rat-race hybrid allows a 180-degree phase reversal to be involved in the two combined signals, enabling a simple small-sized AOA network to be realized. The experimental results reveal that the AOA antenna has an error in the estimated angle of 6.1° in the whole azimuth angle, which is suitable for vehicular MIMO applications, where incident waves change every moment due to car's dynamic motion. Fig. 1 shows the configuration of an AOA estimation antenna. The AOA antenna is comprised of nine halfwavelength dipole antennas, eight of which (#1-#8) are arranged in a circle with a radius of a = 4.9 cm and equal angular intervals of 45°; an additional element (#9) is located at the center of the circle. The frequency is 2 GHz.
Principle of the AOA Estimation
Multiplying the voltage induced on the ith element located on the circle by the weight function Wi defined by (1) performing a summation of the whole voltage induced on the eight elements yields (2) The received signal at the 9th element is represented by EΩ. Further, the phases of EΔ and EΩ are denoted by ∠EΔ and ∠EΩ, and the phase difference is calculated as Fig. 2 shows the network used for estimating the AOA that processes the received signals. Fig. 2(a) shows a schematic diagram and Fig. 2(b) depicts a fabricated microwave circuit using a double-sided printed circuit board (an FR4-based PCB) with a thickness of 1 mm and relative permittivity of 4.2.
Network Used for Estimating the AOA
In Fig. 2 , the phase of the received signals for each element is delayed in accordance with Eq. (1) using the different length of microstrip transmission lines. The use of a 180° rat-race hybrid in Fig. 2 allows a 180 -degree phase reversal to be involved in the two signals combined by the three Wilkinson power combiners located on the right and left side of Fig 2(b) , enabling a small-sized AOA network to be realized. In a conventional monopulse technique using a circular array, a Butler matrix with a complex structure is used to construct the AOA network [3] . In this study, we introduce the weight functions defined by Eq. (1), allowing the use of a simple AOA network, as shown in Fig. 2 . Fig. 3 shows the phase characteristics of the fabricated AOA network. The phase difference between Port #i (i = 1, 2, …, 8) and Port EΔ was measured at 2 GHz using a vector network analyzer. In Fig. 3 , Port #1 is used as a reference of the phase. As can be seen in Fig. 3 , the measured phase decreases by 45° intervals with increasing the element number. Further, the difference between the measured and designed phases is less than 10°. These facts indicate that the fabricated AOA network works properly to achieve the operation of the weight function given by Eq. (1).
Experimental Results
An experimental verification of the AOA estimation was conducted in an anechoic chamber. Fig. 4 shows a photograph of the AOA antenna with the network depicted in Fig. 2 . The antenna elements were comprised of a halfwavelength sleeve dipole antenna designed at 2 GHz. In Fig. 5 , the red curve depicts the measured results using Eq. (3) and the blue curve represents the calculated results [1] . Fig. 5 shows that the measured results are in proportion to the angle of an incident wave. The error in the estimated angle was found to be 6.1° on average. A possible cause of this error is the phase error arising from the AOA network shown in Fig. 3 and, further, from an electromagnetic coupling between the antenna and the network. 
Conclusions

